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Abstract
Numerous reagents were employed for differentiating induced pluripotent stem
cells (iPSCs) into male germ cells; however, the induction procedure was
ineffective. The aim of this study was to improve the in vitro differentiation of
mice iPSCs (miPSCs) into male germ cells with retinoic acid (RA) and
progesterone (P). miPSCs were differentiated to embryoid bodies (EBs) in
suspension with RA with or without progesterone for 0, 4, and 7 days. Then, the
expression of certain genes at different stages of male germ cell development
including Ddx4 (pre meiosis), Stra8 (meiosis), AKAP3 (post meiosis), and Mvh
protein was examined in RNA and/or protein levels by real‐time polymerase
chain reaction or flow cytometry, respectively. The Stra8 gene expression
increased in the RA groups on all days. But, expression of this gene declined in
RA+ P groups. In addition, an increased expression of Ddx4 gene was observed
on day 0 in the P group. Also, a significant upregulation was observed in the
expression of AKAP3 gene in the RA+ P group on days 0 and 4. However, gene
expression decreased in P and RA groups on day 7. The expression of Mvh
protein significantly increased in the RA group on day 7. The Mvh expression
was also enhanced in the P group on day 4, but it decreased on day 7, while this
protein upregulated on day 0 and 7 in the RA+ P group. The miPSCs have the
capacity for in vitro differentiation into male germ cells by RA and/or
progesterone. However, the effects of these inducers depend on the type of
combination and an effective time.
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1 | INTRODUCTION
Many couples with the infertility problem encounter
environmental and genetic factors.1,2 Today, assisted repro-
ductive technology helps patients to treat their infertility
problems that otherwise wasn’t possible with common cures.
However, patients with abnormal eggs or azoosperima and
mutation in germ cells cannot take advantage of assisted
reproductive technology.3,4
According to the research, under certain conditions the
stem cells can differentiate into germs cells that opens an
avenue for treating infertility.5-7 Stem cells, as undiffer-
entiated cells, exist in all stages of life, i.e. embryonic, fetal,
and adult stages, and create differentiated cells that in turn
form building blocks of organs and tissues.8 Ever since
mice‐induced pluripotent stem cells (miPSCs) and human
iPSCs (hiPSCs) were introduced to the scientific commu-
nity, they have been used increasingly in the field of
biomedical research.9
iPSCs can act as important model systems for human
disease.10 These cells result from reprogramming adult
somatic cells and lead to cells with proliferation and
differentiation potential.11 Recently, some systems have
been reported to induce in vitro PGCs from hiPSCs,
human embryonic stem cells (hESCs) and miPSCs.3,12-15
There are differences between the methods used by these
studies in terms of the inducing agents, the reporter
constructs, and culture methods. A common feature of
the studies was that the induction efficiencies, due to
uncontrolled inducing process, were very low, unpredict-
able and inefficient.3 Given that different studies have
used varied inducers, consequently differentiating into
germ‐like cells has been on the basis of the expression of
specific germ cell markers.3,16-18
According to the research, RA is produced in both
male and female mesonephroi and is involved in in vivo
gametogenesis. RA plays a key role in meiosis induction
and early gametogenesis in vivo.19,20 The studies also
show that RA induces the differentiation of iPSCs and
ESCs into germ cells and even functional gametes which
can lead to in vivo development after injecting intracy-
toplasmic.21-23 RA and stimulated by retinoic acid gene 8
protein homolog (Stra8) gene stimulate and mediate the
entrance into meiosis.23 According to the research, the
expression of the androgen receptor occurs in several
ESCs lines in the inner cell mass of the blastocyst.22,24,25
Although several local factors play many roles in
spermatogenesis regulation, there is no doubt that endocrine
hormones also play substantial roles in this process. Recently,
it has been reported that progesterone, among other
hormonal factors, is a steroid hormone, which influences
oogenesis and spermatogenesis.26,27 It is demonstrated that
this hormone is a major reproductive steroid hormone and
contributes mainly to the process of pregnancy and
spermatogenesis in vivo.22,28 Nevertheless, a comparative
temporal evaluation of testicular germ cell counts, gonado-
tropin concentration, and the time necessary for inducing
azoospermia in men given treatment with testosterone with
and with no intra‐testicular hormone and progesterone
concentrations.29 Also, addition of progesterone along with
change in the genes expression of germ cells and reduction of
inhibin circulatory concentrations in human testis can
directly affect the testis and consequently regulate sperma-
togenesis.30 The present study aims to investigate whether
progesterone and RA increase the differentiation of miPSCs
to male germ cell in vitro with changes of gene expression in
germ cells.
2 | METHODS AND MATERIALS
2.1 | Mouse embryonic fibroblast
extraction and inactive
After extracting the liver and head of mice embryos at 13.5
days post conception, the body was chopped into small
segments. To that end, after passing the body across the
needle (gauge 18), it was transported into a T75 flask with
high glucose Dulbecco’s modified Eagle’s medium (DMEM)
(Gibco; cat. no. 41965039). The mixture was supplemented
with 1% penicillin/streptomycin (Pen/Strep; Gibco; cat. no.
15140‐148) and 12% fetal bovine serum (FBS; Gibco; cat. no.
10270‐106). After 1 day, to remove cell debris, the medium
was changed. The mouse embryonic fibroblasts (MEF) of
passage 3 were employed as feeder cells. Then, to incubate
inactivated MEF cells for 3 hours, 10 µg/mL mitomycin
(Sigma; cat. no. M4287) was used in DMEM/F12 medium
(Figure 1).
2.2 | Expanding mouse induced
pluripotent stem cells
The mouse fibroblast iPSC line, as characterized and
reported earlier, was a gift from Professor Masoud Soleimani
of the Stem Cells Technology Research Center (Lahmy et al,
2014).31 Culturing the cells was performed with 95%
humidity and 5% CO2 and at 37°C. Then, a mice embryo
fibroblast (MEF) feeder layer in‐activation with mitomycin‐C
was used to maintain and expand the cells in culture plates
(Sigma; cat. no. M4287) (Orange Science). The mouse iPSC
medium contained DMEM/F12 culture medium comple-
mented with 20% (vol/vol) knockout serum replacement
(KSR; Gibco; cat. no. 10828‐028), 1,000 U/mL murine
Leukemia suppressive factor (LIF; ESGRO; Gibco, Carlsbad,
CA; cat. no. ESG1107), 1mmol/L L‐glutamine (Gibco; cat.
no. 25030‐081), Insulin Transferrin‐Selenium (ITS; Gibco;
cat. no. 41400‐045), 0.1mmol/L nonessential amino acids
FIGURE 1 Mice embryo fibroblast cells as feeder cell
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(NEAA; Gibco; cat. no. 11140‐035), ROCK inhibitor Y‐27632
(Sigma; cat. no. Y0503‐1 MG) (only once after thawing). The
medium was replaced every day and every 4 to 6 days using
0.1% Collagenase type IV (Gibco; cat. no. 17104‐019) miPSCs
colonies were passaged enzymatically (Figure 2).
2.3 | Differentiation of miPSCs into
PGCs in vitro
The miPSCs were suspended in LIF‐free medium after 4 to 5
days in culture to form EBs, as described earlier (Figure 3).
Then, a six‐well floating culture‐grade dish (Nunc, Rochester,
NY) with 5× 105 cells/mL density in EB culture medium
(containing FBS 10% without LIF) was prepared and seeded
for EBs formation. The medium was modified in 2‐day
intervals. Then, six‐well plates coating with gelatin 0.1% were
prepared and the EBs were transferred to the plates. Three
wells were considered for each group. To differentiate
miPSCs‐derived EBs into male germ cells in vitro, they
were treated with 40 nM progesterone (Sigma‐Aldrich;
cat. no. P7556‐100MG) and 2 μM RA (RA; Sigma; cat. no.
R2625‐50MG)32-36 at days 0, 4, and 7. The items that were not
treated with RA served as a negative control.
2.4 | Extraction of RNA and
quantitative real‐time polymerase chain
reaction
To extract the entire RNA from harvested cells, a TRIzol Kit
(Invitrogen; cat. no. 15596026) was used according to the
instructions provided by the manufacturer. Using a Prime-
Script™ RT reagent kit (Takara Bio, Shiga, Japan), one
FIGURE 2 Morphology of miPSCs (A and B) over 6 days of culture on MEF feeder cells. MEF, mouse embryonic fibroblast; miPSC,
mice‐induced pluripotent stem cell
FIGURE 3 Forming the EBs from miPSCs in vitro. Morphology of EBs (A–D) at 1, 2, 3, and 4 days after culturing. EBs, embryonic
bodies; miPSC, mice‐induced pluripotent stem cell
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microgram of RNA from each sample was reverse‐tran-
scribed to cDNA. For quantitative expression quantitative
polymerase chain reaction (qPCR) was performed for the
following genes: (Ⅰ) Stra8, (Ⅱ) Stella, (Ⅲ) DEAD‐box helicase
4 (Ddx4), (Ⅳ) A‐kinase anchoring protein 3 (AKAP3).
The NCBI data set was used to deduce the entire sequences
of the above‐mentioned genes and then taking advantage of
Primer3 online software, specific primers were designed.
BLAST was performed to find the homology percent. Table 1
shows the amplified product lengths, primer sequences, and
annealing temperatures for each primer sequence.
The optimized quantitative real‐time PCR (qRT‐PCR)
mixture included 10 μL SYBR Green PCR Master Mix
Buffer (×2), 1 μL (100 ng) cDNA template, and 0.5 μL
each of forward and reverse primers in a total volume of
20 μL. GAPDH was used as the internal control of the
samples. The qPCR program was as follows: first, initial
denaturation was performed at 95°C for 10 minutes;
then, 40 repetitive cycles (denaturation at 95°C for
30 seconds, annealing was performed at X°C (correspond-
ing to each gene as mentioned earlier) for 30 seconds, and
finally extension was performed for 30 seconds at 72°C.
In each run, no‐template control of nuclease free water
was involved, and for each reaction, the values of the
threshold cycle (Ct) were calculated. A LightCycler™
real‐time PCR (Roche, Germany) was used to perform all
the qPCR reactions in triplicate.
2.5 | Flow cytometry analysis of
Mvh‐positive cells
Differentiated cells were dissociated with 0.25% trypsin at
days 0, 4, and 7. Then, they were neutralized with EB
medium culture and were washed two times with phosphate
buffered saline (PBS) and centrifugation was done for
3minutes at 1000 rpm. Then, 4% paraformaldehyde was
used for 30minutes to fix cells (in the dark and at RT) and
then, PBS/1%FBS/0.1% sodium azide was used to rinse it
twice. Then, 1% Triton X‐100 in PBS was used for 15minutes
to permeabilize the fixed cells. The cells were washed with
PBS once again. In the next stage, 1% bovine serum albumin
in PBS was used at RT for 30minutes to block the cells. The
cells then were detected for 1 hour at RT with fluorescein
isothiocyanate‐conjugated anti‐rabbit second antibody. After
resuspending the cells in PBS once again, they were analyzed
with FACS Calibur (BD Biosciences) after they were washed
twice. For control, normal miPSCs were used.
2.6 | Western blot analysis
The EBs derived from miPSCs were lysed using the RIPA
buffer (Santa Cruz) containing a cocktail of protease
inhibitors (Roche). Cell lysates were cleared by centrifu-
gation at 12 000g, and the concentrations of total proteins
were measured by spectrophotometer. Twenty micro-
grams of total protein were separated by sodium dodecyl
sulfate polyacrylamide gel electrophoresis and trans-
ferred to polyvinylidene difluoride membranes. After
blocking with skim milk and 0.1% Tween20 for 1 hour at
room temperature, the membranes were probed with
primary antibodies, including Stella antibody (Abcam,
ab19878) overnight at 4°C. The blots were incubated with
HRP‐conjugated anti‐rabbit IgG polyclonal secondary
antibodies (Santa Cruz) at 1:2500 dilution for 1 hour at
room temperature. After extensive washes with TBST,
the blots were visualized using an enhanced‐chemilumi-
nescent detection kit (Santa Cruz).
2.7 | Statistical analysis
Taking advantages of a statistical software program (SPSS
19, IBM), one‐way analysis of variance and a Tukey post
hoc test were applied for qPCR data analysis. The results
were reported as mean ± SEM. The P value for statistical
significance was considered as 0.05. All experiments,
except those otherwise stated, were performed more than
three times.
3 | RESULTS
3.1 | EBs formation
A suspension culture was used to produce a large number
of EBs by simply inoculating a suspension of miPSCs
TABLE 1 Primers for qPCR analysis of male germ cell markers
Gene Forward sequence (5′> 3′) Reverse sequence (5′> 3′)
Fragment size,
bp
Annealing temperature,
°C
Stra8 GAAGTGCCTGGAGACCTTTG TGGAAGCAGCCTTTCTCAAT 150 59.7
Ddx4 CTTCAGTAGCAGCACAAGAGG GGAGGAAGAACAGAAGAACAGG 267 57.5
AKAP3 CGCAAAGACCTGGAGAAAAG CCACTTCCTCCACAAACGAT 82 58
GAPDH AACTTTGGCATTGTGGAAGG ACACATTGGGGGTAGGAACA 223 57.5
Abbreviations: AKAP3, A‐kinase anchoring protein 3; Ddx4, DEAD‐box helicase 4; GAPDH, glyceraldehyde 3‐phosphate dehydrogenase; qPCR, quantitative
polymerase chain reaction; Stra8, stimulated by retinoic acid gene 8 protein homolog.
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onto a bacteriological grade Petri‐dish, ultra‐low adher-
ence plate or a Petri‐dish coated with cell adhesion,
allowing the cells to spontaneously aggregate into
spheroids. This method allowed little control over the
size and shape of EBs such that the result was frequent
agglomeration of EBs into large, irregular masses because
of the probability of miPSCs encountering each other
accidentally (Figure 3). As shown in Figure 3, at first the
miPSCs were observed as single cells and after 24 hours,
the miPSCs spontaneously formed small colonies, which
were then cultured in suspension culture for further
maturation. These colonies had compact appearances
after 48, 72 and 96 hours in suspension culture, suggest-
ing the development of a normal organized and complex
EB structure (Figure 3).
3.2 | Expression profile of Male germ
cell‐specific genes in differentiation of
embryoid bodies
Real‐time PCR was used on days 0, 4, and 7 to analyze
relative expression profile of the genes during differentiating
EBs of miPSCs. Stra8 represents the cells' ability to respond
to RA gathered in the premeiotic germ cells and Stella
(Dppa3), a marker for cell pluripotency, is a marker of
premeiosis. Ddx4 is a marker of meiosis; and AKAP3, which
is a kinase anchor protein 3 represents the state of post‐
meiotic phase of the cells and is expressed only in the
haploid male germ cells.
The Stra8 gene expression changed on all days, so that
it increased in the RA group in 0 days than that of other
groups (P< .001). Expression of this gene decreased in
comparison with the RA+ P group and increased in the
RA group in comparison with the control group in 4 days
(P< .001). Interestingly, gene expression decreased in RA
group in 7 days compared with the P group but this
represented a considerable enhancement of increase in
comparison with the control group (P< .05). Also, in the
P group, this gene showed an increased expression in
comparison with all groups (P< .001). The results of the
study show an inverse relationship between progesterone
and RA (Figure 4).
We found that the expression of Stella gene changed
on day 0 between the progesterone group and the control
group (P< .05). The expression of this gene in the RA+ P
group increased on this day but, there was no significant
FIGURE 4 The expression profiles of male germ cell‐related genes in miPSCs, given treatment with RA or progesterone in vitro. cDNA
from EB cultures kept for 0, 4, and 7 days in the presence and absence of progesterone and RA was used to conduct real‐time PCR and for
detecting relative mRNA expression of Ddx4, AKAP3, and Stra8. The mean normalized expression of each gene corresponding to that of
GAPDH has been depicted along the y‐axis. AKAP3, A‐kinase anchoring protein 3; C, the control group with no induction of progesterone or
retinoic acid; cDNA, complementary DNA; Ddx4, DEAD‐box helicase 4; EBs, embryonic bodies; GAPDH, glyceraldehyde 3‐phosphate
dehydrogenase; miPSC, mice‐induced pluripotent stem cell; mRNA, messenger RNA; P, the progesterone induction group; PCR, polymerase
chain reaction; RA + P, the retinoic acid and progesterone induction group; RA, the retinoic acid induction group; Stra8, stimulated by
retinoic acid gene 8 protein homolog. The values of the three replicates were given as the mean ± SEM with *P< .05, **P< .01, and
***P< .001 indicated statistically significant differences in expression of mRNA between the RA‐ or/with progesterone in treated groups and
the control
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difference between them. Expression analysis of Stella
gene in 4‐ and 7‐day‐old EBs did not show any significant
difference. But, the expression of this gene in day 4 was
decreased in progesterone group compared with control
group (Figure 4).
The authors also analyzed the meiosis marker of PGCs
(Ddx4) and measured the level of its expression during
differentiation and at different time points. The qPCR
results showed an increase in the expression of Ddx4 in 0
day in the P group in comparison with RA+ P and
control groups. The same was seen on day 7, although no
significant changes were observed (Figure 4).
In contrast, a significant enhancement of the AKAP3
gene was observed in the expression of the RA+ P group
in comparison with other groups on day 0 of EB
formation (P< .0001). Also, in miPSCs, the expression
of this gene was shown in the RA+ P group in
comparison with other groups (P< .001) in day 4.
However, on day 4, the expression of the gene was lower
in comparison with day 0. The gene expression decreased
in P and RA groups in 7 days in comparison with the C
group (P< .01). However, the expression of the gene
showed no changes in RA+ P in comparison with the
control group (Figure 4).
3.3 | Measurement of stella protein
expression during embryoid bodies
differentiation into male germ cells by
Western blot technique
We probed the impact of progesterone and/or retinoic
acid (RA) on the expression of germ cell‐specific protein
in EBs derived from miPSCs. Western blot analysis
showed that exposure of EBs to RA and P expressed the
Stellamarker on different days. As shown in Figure 7, we
revealed that the premiotic marker Stella was expressed
in RA and P groups more than that of control group
cultured on 0 and 4 days. But, this marker was expressed
in P and RA+ P groups more than the control group
(Figure 7).
3.4 | Measurement of mvh protein
expression during embryoid bodies
differentiation into male germ cells by
flow cytometry technique
To specify the spermatogenic lineage differentiation, we
analyzedMvh protein expression, specific for differentiating
male germ cells and a marker for PGCs collected from the
culture from the late migration phase to the post‐meiotic
phase of EBs. The expression of mouse Mvh protein was
detected at days 0, 4, and 7 and it was highly expressed in
male germ cells by the presence of RA with/or progester-
one. The expression of this protein showed a significant
increase in P and RA+P groups in comparison with the
control group in days 0. The expression was also enhanced
in the P group, although it decreased in the RA+P group
on day 7 (P< .0001) (Figures 5 and 6). In addition, an
obvious increase was observed in the expression of Mvh in
the induced groups with P, RA, and RA+P from day 0 to
7th day of induction in all of groups (P< .0001) (Figures 5
and 6). However, a decrease of expression in P group and
an increase in RA+P was observed in comparison with the
control group (Figures 5 and 6).
4 | DISCUSSION
For a successful gametogenesis, accurate interplay should
occur between numerous factors that orchestrate prolifera-
tion, meiosis initiation, and cell migration. According to the
research, RA is a meiosis‐inducing substance.27 The recent
research show that initiation of germ cell meiosis is not
subject to endogenous RA.37,38 The expression of progester-
one receptor (mostly PR‐A) occurs in the germ cells of
normal human testes and in case of infertility, it's expression
FIGURE 5 Flow cytometric analysis of Mvh+ cells in EBs treated with/or RA and P. EBs, embryonic bodies; P, progesterone; RA,
retinoic acid; RA+P, retinoic acid with progesterone. The values of the three replicates were given as the mean ± SEM with * show
significant different among different treatments at the defined time intervals (**P< .001, ***P< .0001)
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FIGURE 6 Expression level of the intracellular surface Mvh antibody on embryonic bodies treated with/or RA and progesterone shown
as percentage (%). P, progesterone; RA, retinoic acid, and RA+ P, retinoic acid with progesterone in days 0, 4, and 7
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is downregulated.29 In the current study, differentiation of
the male germ cell of the miPSCs was demonstrated upon
RA with progesterone induction and the process of EB
formation. Additionally, the expression profile of a lot of
genes associated with the male germ cell differentiation and/
or proliferation was presented.20,22,36
The Stra8, premeiotic germ cell marker in the RA
group and on the 4th day when miPSCs are differentiated,
was upregulated in RNA level. The results correspond to
the findings of Li et al.35 The results of the study also
indicated a considerable enhancement in expressing Stra8
in miPSCs in the RA group in comparison with the control
group on all days. Also, the data showed an inverse effect
between progesterone and RA groups. According to the
Fettig et al39 report, RA leads to reduction in protein and
PR mRNA levels. In contrast, progestins lead to retinoic
acid receptor γ (RARγ) and RARα at the transcript level.
They demonstrated that RA leads to a decrease in PR
protein level, although they did not report reversal within
a 24 hours window.39 In another study, Mi et al27 showed
that there is no significant difference in RA concentrations
between control ovaries and progesterone‐treated. Accord-
ingly, they concluded that progesterone independent of
RA may control meiosis progression.27
The expression of mouse Stra8 in male germ cells
occurs from E14.5 to spermatogonia. Expression of this
gene is limited to the premeiotic germ cells in adult testis
and male developing gonads during mouse spermatogen-
esis.40 These findings are in line with the findings of
Makoolati et al,40 who reported an increase in 1‐day‐old
EBs as result of the expression of this gene. Albeit, their
research was performed on in vitro germ cell differentia-
tion from mESCs in the coculture system. In another
study, Li et al35 showed increased expression of Stra8 due
to addition of RA+ testosterone and RA in comparison
with the control on day 4. Dong et al41 examined the role
of RA in combination with the spermatogonial stem cell
(SSC) condition in facilitating the production of mice
germ‐like cells. The findings of the study demonstrated
an increase up to day 3 and a decrease by day 5 in the
expression of Stra8 in SSCs conditions with RA.41 Their
results demonstrated that the collective effects of SSC
conditions and RA lead to an increase in the expression
of acrosin, Stra8 and Scp1 to facilitate the initiation of
differentiation. In another study, Silva et al22 showed that
treating mESCs with RA for 7 days leads to a significant
increase in the expression of Stra8 compared to day 7
untreated control cultures. The result of the current study
is consistent with the findings of Silva et al,22 although
they worked on the expression profile of male germ cell‐
associated genes in mESCs cultures provided treatment
with testosterone and RA.
Stella is expressed in the stem cell, which is
committed to PGC. The expression of Stella starts in
E7.25 PGCs and ends with E13.5 PGCs in female and
E15.5 in male PGCs.3 Subsequent repression of the
somatic cell program and activation of the PGC program
enable the emergence of PGCs with AP activity and
expression of the PGC marker Stella.42 The full‐grown
PGCs are regarded as a group of alkaline phosphatase‐
positive cells at E7.25 in mice, which are also marked by
the re‐expression of Stella, a maternal effect gene that is
also expressed zygotically until the blastocyst stage.3
Our results show that the expression of Stella gene
increased significantly in the progesterone group than the
control group at 0 day. Li et al3 worked on generation of
male germ cells from miPSCs in vitro and the resulting
expression of this gene was decreased over the 3‐day period.3
The results of these researchers are different from our results.
As they did not work on certain treatments, Eskandari et al43
detected that in retinoic acid with the estrogen group, the
level of Stella expression was significantly increased on 7 and
17 days compared to other groups, while on other days, the
difference was not significant. Their results were different
from our results in terms of the type of cells and treatment.
Wongtrakoongate et al (2013) show that this gene expression
pattern supports the notion of germline differentiation of
human ES cells following RA induction and suggests that the
activation of Stella is an early event of germ cell differentia-
tion of human ES cells.
Clark et al44 worked on spontaneous differentiation of
germ cells from human embryonic stem cells in vitro and
observed that the Stella protein was localized to the majority
of ESCs in most colonies where it was present in both the
cytoplasm and nucleus of these cells. They found that
following differentiation to EBs, the formation of putative
germ cells was observed and expressed the germ cell specific
FIGURE 7 Western blot analysis of Stella expression in
embryonic bodies derived from miPSCs. Protein lysates from
miPSCs in days 0, 4, and 7 were blotted and stained by Stella
antibody. β‐Actin served as an internal control. C, control group;
EBs, embryonic bodies; miPSC, mice‐induced pluripotent stem cell;
P, progesterone; RA, retinoic acid; RA+P, retinoic acid with
progesterone
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markers.44 Their data are different with our results due to
work on hESCs.
Wongtrakoongate et al45 detected that Stella facilitates
differentiation of the germ cell and endodermal lineages of
human embryonic stem cells. Western blot analysis using the
anti‐HA antibody showed that the hESCs lines transfected
with the Stella‐HA‐tag vector did indeed overexpress Stella,
whereas control lines transfected to over‐express the Tomato
fluorescent protein do not express the transgene.45
EncodingMvh (Vasa), a marker for male germ cells, has
been done via Ddx4. The results of the current study
showed a significant increase in Ddx4 expression in the
P group in comparison with the RA+P and the control
groups on day 0 (P< .001). However, a significant
difference was not found between the groups on other
days. Zhu et al46 reported an enhancement in expressing
Ddx4, a hallmark for male germ cells, in iPSCs‐derived EBs
with RA induction in comparison with the cells with no RA
therapy. The result of their study is in line with the results
of current study. Although these researchers studied upto
day 2, the current study examined differentiation of the
cells until day 7. Yang et al47 examined derivation of the
male germ cells from iPSCs. They reported an enhancement
in expressing Ddx4 gene in RA‐treated and untreated EBs in
comparison with gene transcripts of iPSCs.47 Albeit, these
researchers examined the effect of RA on derivation of
male germ cells from miPSCs without considering the time
interval. Zhang et al18 showed an increase in the expression
of Cvh gene (homolog with Ddx4) in estrogen‐treated cells
in comparison with the control in day 4. The authors
suggested that all‐trans retinoic acid (ATRA) and estrogen
differentiates inducing ESCs into germ‐like cells.18
There was a remarkable enhancement in the level ofMvh
protein in the P group on days 0 and 4, while the level
decreased in day 7. Although a decrease was observed from
day 0 to day 4, the increase in the RA on day 7 led to its
increase. The different expression results between real‐time
PCR and flow cytometry could be due to effects of RA in the
translation step of the Mvh gene. According to Park et al,48
less than 1% of the population are positive in terms of Vasa
(or Mvh) protein in undifferentiated hESCs. However, Vasa
positive cells could be identified after 7 days of differentia-
tion.48 Easley et al49 examined how human pluripotent stem
cells differentiate into haploid spermatogenic cells. These
researchers reported a significant increase in Vasa+cells,
with 40% of HFF1 cells and 60% of H1 cells after a 10‐day
culture. They showed that Vasa and deleted‐in‐Azoospermia‐
like (Dazl) are two RNA‐binding, germline‐specific proteins
that play a key role in normal spermatogenesis and cell
development.49 In another study, Li et al3 showed that a
combination of BMP8b, SCF, and BMP4 has the highest
potential in the induction of induced PGC‐like cells that
leads to a significantly higher expression of Mvh.3
In the current study, a higher expression of AKAP3 gene
was observed in the RA+P group in comparison with other
groups (P< .0001) on day 0. In days 4 and 7, a decrease was
observed in the expression, although the changes were
significant especially in RA+P in comparison with the
control group (P< .0001 and P< .001, respectively). In
another study, Silva et al22 observed no significant changes
in the expression of this gene until day 14.22 The findings of
the current study are in line with the findings of Silva et al,
although they examined the impact of RA and testosterone
on ESCs differentiation into male germ cells. In a study by Li
et al,35 the expression of AKAP3 gene reached a peak from
day 4 to day 7 of EB formation. According to this study,
miPSCs may evolve into male germ cells. The best period to
add the inducer for miPSCs induction is day 4 to day 7.35
Although these researchers used testosterone as an inducer,
in the current study, progesterone was used as an inducer for
miPSCs differentiation into male germ cells. Therefore, the
present work suggests RA+P can be a promising additive to
improve the differentiation potential of stem cells until day 4
and can be a good approach for male germ‐like cell
differentiation from miPSCs.
5 | CONCLUSION
Even though one of the main causes of infertility is
producing little or no germ cells, which is frequently related
to meiotic defects, modern therapies for infertility do not
have a significant effect for those with few or no germ cells. It
was found that producing germ cells from iPSCs can
empower direct screening and assay for both genetic factors
and chemicals or small molecules that increase germ cell
survival or demise. This study observations showed the
murine iPSCs potential for expressing genes characteristic of
male germ cells in vitro. Moreover, it was demonstrated that
progesterone and RA affect this procedure. Hence, data
obtained by the study suggest a prominent initial step to
design a reasonable directed differentiation protocol for male
germ cells, so that additional examination can provide
culture conditions, which enhance the level of expressing
the male germ cell gene in a pattern compatible with the
developmental program of spermatogenesis.
ACKNOWLEDGMENTS
Funding the present paper, which is part of a PhD
dissertation, has been provided by the Kashan University
of Medical Sciences, Kashan, Iran (Grant no. 94153) and also,
the Iran National Science Foundation (Grant no. 95820088).
Researchers appreciate the Deputy of Research and Technol-
ogy of Ministry of Health and Medical Education of Iran for
financial support. The researchers are also grateful of the
MAHABADI ET AL. | 9
compassionate collaboration of all personnel in the Anato-
mical Sciences Research Center and Gametogenesis Re-
search Center, Kashan University of Medical Sciences. The
authors announce that they have received no financial
support from funding agencies in the commercial, govern-
mental or for profit sectors.
CONFLICT OF INTERESTS
The authors declare that there is no conflict of interests.
AUTHOR CONTRIBUTIONS
JAM: contributed to perform the cell and molecular
experiments, the data examination, and preparation of the
primary paper. HN and AAT: contributed to design the study
and manuscript revision. SAT, MK, TR, SEE, SMGH:
contributed to the review and completion of the paper.
DATA AVAILABILITY STATEMENT
Data supporting these research findings could be accessible
from the corresponding author if requested reasonably.
ORCID
Mohammad Karimian http://orcid.org/0000-0003-
2938-8902
Seyed Ehsan Enderami http://orcid.org/0000-0003-
4516-5944
Seyed Mohammad Gheibi Hayat http://orcid.org/0000-
0002-8232-5751
Hossein Nikzad http://orcid.org/0000-0002-1454-7977
REFERENCES
1. Ghorani‐Azam A, Riahi‐Zanjani B, Balali‐Mood M. Effects of
air pollution on human health and practical measures for
prevention in Iran. J Res Med Sci. 2016;21:65.
2. Rafatmanesh A, Nikzad H, Ebrahimi A, Karimian M, Zamani
T. Association of the c.‐9C> T and c.368A> G transitions
inH2BFWTgene with male infertility in an Iranian population.
Andrologia. 2018;50(1):e12805.
3. Li Y, Wang X, Feng X, et al. Generation of male germ cells from
mouse induced pluripotent stem cells in vitro. Stem Cell Res.
2014;12(2):517‐530.
4. Qiao J, Wang Z‐B, Feng H‐L, et al. The root of reduced fertility
in aged women and possible therapentic options: Current status
and future perspects. Mol Aspects Med. 2014;38:54‐85.
5. Hayashi K, Ogushi S, Kurimoto K, Shimamoto S, Ohta H, Saitou
M. Offspring from oocytes derived from in vitro primordial germ
cell–like cells in mice. Science. 2012;338(6109):971‐975.
6. Tan H, Wang J‐J, Cheng S‐F, et al. Retinoic acid promotes the
proliferation of primordial germ cell–like cells differentiated
from mouse skin‐derived stem cells in vitro. Theriogenology.
2016;85(3):408‐418.
7. Ge W, Ma H‐G, Cheng S‐F, et al. Differentiation of early germ
cells from human skin‐derived stem cells without exogenous
gene integration. Sci Rep. 2015;5:13822.
8. Volarevic V, Bojic S, Nurkovic J, et al. Stem cells as new agents
for the treatment of infertility: current and future perspectives
and challenges. BioMed Res Int. 2014;2014:1‐8.
9. Okano H, Nakamura M, Yoshida K, et al. Steps toward safe cell
therapy using induced pluripotent stem cells. Circ Res. 2013;
112(3):523‐533.
10. Kilpinen H, Goncalves A, Leha A, et al. Common genetic
variation drives molecular heterogeneity in human iPSCs.
bioRxiv. 2016:055160.
11. Ulrich H. Stem Cell Reviews and Reports: Induced Pluripotent
Stem Cells, Embryonic Stem Cells and Development Section.
Stem Cell Rev Rep. 2017;13(1):3‐3.
12. Irie N, Weinberger L, Tang WWC, et al. SOX17 is a critical specifier
of human primordial germ cell fate. Cell. 2015;160(1):253‐268.
13. Panula S, Medrano JV, Kee K, et al. Human germ cell
differentiation from fetal‐and adult‐derived induced pluripo-
tent stem cells. Hum Mol Gen. 2011;20(4):752‐762.
14. Sasaki K, Yokobayashi S, Nakamura T, et al. Robust in vitro
induction of human germ cell fate from pluripotent stem cells.
Cell Stem Cell. 2015;17(2):178‐194.
15. Yokobayashi S, Okita K, Nakagawa M, et al. Clonal variation of
human induced pluripotent stem cells for induction into the
germ cell fate. Biol Reprod. 2017;96(6):1154‐1166. https://doi.
org/10.1093/biolre/iox038
16. Amini Mahabadi J, Sabzalipoor H, Kehtari M, Enderami SE,
Soleimani M, Nikzad H. Derivation of male germ cells from
induced pluripotent stem cells by inducers: A review. Cytotherapy.
2018;20(3):279‐290. https://doi.org/10.1016/j.jcyt.2018.01.002.
17. Yang S, Yuan Q, Niu M, et al. BMP4 promotes mouse iPS cell
differentiation to male germ cells via Smad1/5, Gata4, Id1 and
Id2. Reproduction. 2017;153(2):211‐220.
18. Zhang Y, Wang Y, Zuo Q, et al. Selection of the inducer for the
differentiation of chicken embryonic stem cells into male germ
cells in vitro. PLOS One. 2016;11(10): e0164664.
19. Mahabadi JA, Sabzalipour H, Bafrani HH, Gheibi Hayat SM,
Nikzad H. Application of induced pluripotent stem cell and
embryonic stem cell technology to the study of male infertility.
J Cell Physiol. 2018;233(11):8441‐8449.
20. Shah SM, Singla SK, Palta P, Manik RS, Chauhan MS. Retinoic
acid induces differentiation of buffalo (Bubalus bubalis)
embryonic stem cells into germ cells. Gene. 2017;631:54‐67.
21. Nayernia K, Nolte J, Michelmann HW, et al. In vitro‐
differentiated embryonic stem cells give rise to male gametes
that can generate offspring mice. Dev Cell. 2006;11(1):125‐132.
22. Silva C, Wood JR, Salvador L, et al. Expression profile of male
germ cell‐associated genes in mouse embryonic stem cell
cultures treated with all‐trans retinoic acid and testosterone.
Mol Reprod Dev. 2009;76(1):11‐21.
23. Wang H, Xiang J, Zhang W, et al. Induction of germ cell‐
like cells from porcine induced pluripotent stem cells. Sci
Rep. 2016;6:27256.
24. Goldman‐Johnson DR, de Kretser DM, Morrison JR. Evidence
that androgens regulate early developmental events, prior to
sexual differentiation. Endocrinology. 2008;149(1):5‐14.
10 | MAHABADI ET AL.
25. Chang C, Hsuuw Y, Huang F, et al. Androgenic and
antiandrogenic effects and expression of androgen receptor in
mouse embryonic stem cells. Fertil Steril. 2006;85:1195‐1203.
26. Matthiesson KL, McLachlan RI. Male hormonal contraception:
concept proven, product in sight? Hum Reprod Update. 2006;
12(4):463‐482.
27. Mi Y, He B, Li J, Zhang C. Progesterone regulates chicken
embryonic germ cell meiotic initiation independent of retinoic
acid signaling. Theriogenology. 2014;82(2):195‐203.
28. Wilsterman K, Gotlieb N, Kriegsfeld LJ, Bentley GE.
Pregnancy stage determines the effect of chronic stress on
ovarian progesterone synthesis. Am J Physiol Endocrinol
Metab. 2018;315(5):E987‐E994.
29. Abid S, Gokral J, Maitra A, et al. Altered expression of
progesterone receptors in testis of infertile men. Reprod Biomed
Online. 2008;17(2):175‐184.
30. Wang C, Cui Y‐G, Wang X‐H, et al. Transient scrotal
hyperthermia and levonorgestrel enhance testosterone‐induced
spermatogenesis suppression in men through increased germ
cell apoptosis. J Clin Endocrinol Metab. 2007;92(8):3292‐3304.
31. Reyhaneh L, Soleimani M, Mohammad Hossein S, Mehrdad B,
Fatemeh K, Naser M. miRNA‐375 promotes beta pancreatic
differentiation in human induced pluripotent stem (hiPS) cells.
Molecular Biology Reports. 2014;41(4):2055‐2066. https://doi.
org/10.1007/s11033‐014‐3054‐4
32. Ghasemzadeh‐Hasankolaei M, Eslaminejad MB, Batavani R,
Sedighi‐Gilani M. Comparison of the efficacy of three
concentrations of retinoic acid for transdifferentiation induc-
tion in sheep marrow‐derived mesenchymal stem cells into
male germ cells. Andrologia. 2014;46(1):24‐35.
33. Gholamitabar Tabari M, Jorsaraei SGA, Ghasemzadeh‐Hasan-
kolaei M, Ahmadi AA, Amirikia M. Evaluation of novel mouse‐
specific germ cell gene expression in embryonic stem cell‐
derived germ cell‐like cells in vitro with retinoic acid treatment.
Cell Reprogram. 2018;20(4):245‐255.
34. Huang P, Lin LM, Wu XY, et al. Differentiation of human
umbilical cord Wharton's jelly‐derived mesenchymal stem cells
into germ‐like cells in vitro. J Cell Biochem. 2010;109(4):747‐754.
35. Li P, Hu H, Yang S, et al. Differentiation of induced pluripotent
stem cells into male germ cells in vitro through embryoid body
formation and retinoic acid or testosterone induction. BioMed
Res Int. 2013;2013:608728.
36. Xuemei L, Jing Y, Bei X, et al. Retinoic acid improve germ cell
differentiation from human embryonic stem cells. Iran J
Reprod Med. 2013;11(11):905‐912.
37. Griswold MD, Hogarth CA, Bowles J, Koopman P. Initiating
meiosis: the case for retinoic acid. Biol Reprod. 2012;86(2):35. 31‐37.
38. Kumar S, Lively B, Liu T, Sun L, Tangpong A, Zhong WH.
Dramatic effects of scalable snn‐assisted melt dispersion on
thermal conductivity and coefficient of thermal expansion
of nanocomposites. Macromol Mater Eng. 2011;296(2):
151‐158.
39. Fettig LM, McGinn O, Finlay‐Schultz J, LaBarbera DV, Nordeen
SK, Sartorius CA. Cross talk between progesterone receptors and
retinoic acid receptors in regulation of cytokeratin 5‐positive breast
cancer cells. Oncogene. 2017;36(44):6074‐6084.
40. Makoolati Z, Movahedin M, Forouzandeh‐Moghadam M. In vitro
germ cell differentiation from embryonic stem cells of mice:
induction control by BMP4 signalling. Biosci Rep. 2016;36(6):e00407.
41. Dong G, Shang Z, Liu L, et al. Retinoic acid combined with
spermatogonial stem cell conditions facilitate the generation of
mouse germ‐like cells. Biosci Rep. 2017;37(2):BSR20170637.
42. Sugawa F, Araúzo‐Bravo MJ, Yoon J, et al. Human primordial
germ cell commitment in vitro associates with a unique
PRDM14 expression profile. EMBO J. 2015;34(8):1009‐1024.
43. Eskandari N, Hassani Moghaddam M, Atlasi MA, Amini
Mahabadi J, Taherian A, Nikzad H. The combination of
retinoic acid and estrogen can increase germ cells genes
expression in mouse embryonic stem cells derived primordial
germ cells. Biologicals. 2018;56:39‐44.
44. Clark AT, Bodnar MS, Fox M, et al. Spontaneous differentiation
of germ cells from human embryonic stem cells in vitro. Hum
Mol Gen. 2004;13(7):727‐739.
45. Wongtrakoongate P, Jones M, Gokhale PJ, Andrews PW. STELLA
facilitates differentiation of germ cell and endodermal lineages of
human embryonic stem cells. PLOS One. 2013;8(2): e56893.
46. Zhu Y, Hu H‐L, Li P, et al. Generation of male germ cells from
induced pluripotent stem cells (iPS cells): an in vitro and in
vivo study. Asian J Androl. 2012;14(4):574‐579.
47. Yang S, Bo J, Hu H, et al. Derivation of male germ cells
from induced pluripotent stem cells in vitro and in
reconstituted seminiferous tubules. Cell Proliferation.
2012;45(2):91‐100.
48. Park TS, Galic Z, Conway AE, et al. Derivation of primordial
germ cells from human embryonic and induced pluripotent
stem cells is significantly improved by coculture with human
fetal gonadal cells. Stem Cells. 2009;27(4):783‐795.
49. Easley CA, Phillips BT, McGuire MM, et al. Direct differentia-
tion of human pluripotent stem cells into haploid spermato-
genic cells. Cell Rep. 2012;2(3):440‐446.
How to cite this article: Mahabadi JA, Tameh
AA, Talaei SA, et al. Retinoic acid and/or
progesterone differentiate mouse induced
pluripotent stem cells into male germ cells in vitro.
J Cell Biochem. 2019;1–11.
https://doi.org/10.1002/jcb.29439
MAHABADI ET AL. | 11
